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This  report  details  the  work  carried  out  at  the  University  of  Erlangen-NUrnberg  aimed  at 
the  syntheses  of  polyhalogenated  cage  molecu’es,  their  isolation,  characterisation,  and  assess¬ 
ment  as  potential  precursors  to  high  density  energy  materials. 

A  variety  of  halogenation  methods  have  been  investigated  and  applied  (sometimes  in  com¬ 
bination)  to  a  number  of  different  starting  materials  e.g.  adamantane  CioH^e  1,  diamantane 
^u^ao  norbornadiene  dimer  3.  Photochlorination  has  been  found  to  be  the 

most  effective  method  of  introducing  large  numbers  of  halogens  into  these  cage  molecules  and 
has  been  applied  to  a  variety  of  starting  materials,  culminating  in  the  synthesis  of 
1,3,5,7-tetrabromodecachloroadamantane  4  and  the  successful  analysis  of  its  structure  by 
X-ray  diffraction.  This  corresponds  to  over  87%  halogenation.  Relatively  high  degrees  of 
functionalisation  (70%  and  50%)  have  been  achieved  for  diamantane  2  and  norbornadiene 
dimer  3,  respectively.  The  synthetic  work  as  well  as  the  methods  of  separation  and  char¬ 
acterisation  of  the  product  mixtures  are  reported.  The  results  of  semi-empirical  molecular 
crbital  calculations  on  dodecachloroadamantanes  5  and  of  the  X-ray  structural  analysis  of  4 
are  discussed. 

Introduction 

Since  many  cage  hydrocarbons  are  readily  available,  e.g.  through  rearrangement,  the  goal 
of  this  research  was  to  develop  methods  for  the  direct  introduction  of  functional  groups  which 
can  be  converted  into  polynitro  or  similar  compounds.  While  details  have  been  provided 
before,*'^  it  is  useful  to  summarise  he  objectives  and  our  earlier  results.  This  work  has  been 
carried  out  in  cooperation  with  the  chemists  in  the  Dover  N.J.  Army  laboratory  and  with  Dr. 
G.  Sollott  who  formerly  was  also  at  that  location  but  now  is  employed  by  an  independent 
contractor  and  is  carrying  out  research  at  Vilianova  University.  Their  findings  on  the  mater¬ 
ials  we  provided  are  promising.  i 
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The  synthesis  of  ],3,S,7-tetranitro«dimantane  6'  by  SoIIott  and  Gilbert  provided  the  im¬ 
petus  for  our  work.  These  investigators  found  that  1 ,3,S,7-tetraiodoadamantane  7  could  be 
converted  via  a  photochemical  Ritter  reaction  into  derivatives  of  1,3,3,7-tetra- 
aminoadamantane  which  in  turn  could  be  oxidised  to  give  6.  The  tetraiodo  compound  7  can  be 
obtaiticd  from  either  l,3,S,7-tetrabromo  or  -tetrachloroadamantane  9,  both  of  which  can  be 
prepared  by  ionic  substitution  reactions  on  adamantane  itself.  Hence,  higher  halogenated  ad- 
amantanes  (end  other  cage  hydrocarbons)  might  be  converted  to  corresponding  polynitro  com¬ 
pounds  by  similar  procedures. 


However,  only  four  halogen  atoms  can  be  introduced  directly  under  ionic  reaction  condi¬ 
tions  emphasising  the  need  for  a  more  effective  or  complimentary  procedure.  Our  previous 
findings  indicated  that  photchlcrination  was  superior  to  other  methods  e.g  the  use  of  transition 
metal  catalysts,  for  this  purpose.  As  detailed  in  previous  reports**’  the  distribution  of  the 
major  product  components  from  these  photochlorination  reactions  (on  adamantane  1)  depend 
on  the  reaction  time,  the  solvent,  and  the  substrate  concentration,  and  could  range  from  4  to 
10  chlorines  per  adamantane  molecule,  ir.  the  course  of  the  work  on  the  present  contract  this 
range  has  been  successfully  extended  to  12  to  14  chlorines  (or  mixtures  of  chlorine  and 
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bromine)  for  adamantane  and  a  high  degree  of  halogenation  Nas  also  been  achieved  with 
diamantane  2,  and  norbornadiene  dimer  3.  Samples  of  these  halogenated  products  totalling  ca. 
I20g  have  been  prepared  and  transmitted  to  the  Dover  laboratory.  Conversion  of  the  chlorines 
and  bromines  into  iodines  in  these  and  ether  polyhalogenated  materials  has  been  demonstrated. 
However,  difficulties  with  some  samples  also  were  found.  To  this  end  an  alternative  method 
of  halogen  exchange  has  been  investigated  at  Erlangen  and  has  been  found  to  be  applicable  to 
a  variety  of  halogenated  adamantanes  and  diamantancs.  In  earlier  work.  Dr.  Sollott  was  able  to 
convert  the  octahaloadamantane  mixture  supplied  by  us  into  crystalline  octaiodoadamantane 
which  exhibited  unexpected  chemical  reactions.  These  reactions  can  now  be  understood  on  the 
basis  of  an  X-rav  structure  8  which  shows  geminal  dliodo  units  to  be  present.  These  units 
exhibit  enhanced  reactivity  e.g.  towards  substitution,  and  provide  potentially  good  sites  for  the 
introduction  of  nitrogen  based  fuctionalities.  In  the  most  recent  work,  our  synthesis  of  adam- 
antane  wih  12-14  halogens  (4,5)  increased  the  proportion  of  geminal  halogens  and  hopefully 
therefore  further  facilitates  the  introduction  of  the  desired  functional  groups. 

The  disadvantage  of  free  radical  substitution  reactions  is  their  lack  of  selectivity.  These 
are  relatively  exothermic  processes  with  early  transition  sutes.  Smith^  has  demonstrated  that 
both  bridgehead  and  secondary  positions  of  adamantane  are  attacked.  The  inherent  preference 
for  bridgehead  substitution  is  only  partial,  and  must  compete  with  the  statistical  (3:1)  advan- 
uge  for  methylene  attack.  Therefore  the  polychlorination  of  adamantane  not  only  produces 
mixtures  with  different  numben  of  chlorines,  but  also  positional  isomers  corresponding  to 
each  composition  as  well.  Partial  separation  of  some  of  the  product  mixtures  obtained  from 
the  photochlorination  of  !  ;3,3,7-tetrachiorcadama»'2ne  (9,X«C))  has  been  achieved  using 
HPLC.^  As  the  degree  of  halogenation  is  increased  to  the  12-14  range,  the  number  of  possible 
positional  isomers  is  reduced.  A  significant  number  remain  however.  Thn  formidable  comput¬ 
ing  facilities  of  the  Institute  for  Organic  Chemistry  have  aUewed  attempts  to  identify  the 
individual  isomers  using  mass  spectrometry  and  NMR  to  be  complsmented  by  MNDO  calcula¬ 
tions  on  dodecachloroadamantane  5.  This  is  found  to  be  one  of  the  major  components  of  the 
product  mixture  when  either  edmamantane  1  or  1, 3,5,7-  tetrachioroadamantane  9,X«Ci  are 
photochlorinated. 


Ret»lts 


Percentage  compositions  given  below  are  calculated  by  comparrison  of  the  relative  inten¬ 
sities  of  the  (M  '^  •>  halogen  )  peaks  in  the  mass  spectra.  NMR  spectra  are  recorded  on  a 
JEOL  PMX-60  spectrometer  unless  otherwise  stated.  The  results  are  presented  ';iid  dis¬ 
cussed  in  the  following  order. 

(I)  Halogenation  of  diamantane  2. 

(II)  Chlorination  of  norbornadiene  dimer  3. 

(III)  Bromination  of  adamantane  1.  and  l,3,S,7-tetrabromoadamantane  9,X>Br. 

(IV)  Photochlorination  of  adamantane  1. 

(V)  Photochlorination  of  1,3,5,7-tetrachloroadamantane  9,X«C1. 

(VI)  Photochlorination  of  1,3,5,7-tetrabromoaamanatane  9.X«Br. 

(VII)  X-ray  structures  of  trifluoroiodo-  and  difluorodiiodoadamantane  15,16. 

(VIII)  Photochlorination  of  i,3,S,7-tetraiodoadamantane  9,X«1. 

(IX)  Halogen  exchange  reactions  (Br  or  Cl  to  I) 

(I)  HalogcBalioB  of  diaBiaBtaBe  2 

It  was  initially  hoped  to  use  tetrabromodiamantane  10  as  a  starting  material  for  further 
photochlorir.  .tion  as  it  is  readily  synthesized  under  ionic  reaction  conditions.  However,  this 
compound  is  highly  insoluble  in  solvents  which  can  be  employed  in  these  photochlorinations 
dissolving  only  partially  in  hot  CS)  or  THF.  Hence,  it  was  desirable  to  develop  a  selective 
synthesis  for  the  more  soluble  4,9-dibromodiamantane  11.  The  reaction  conditions  developed 
are  mild  and  the  yield  consistently  is  over  60%.  The  procedure  is  as  follows:  a  250ml  3-necked 
round  bottom  flask  fitted  a  pressure  equalizing  dropping  funnel,  a  mechanical  stirrer,  and  a 
reflux  condenser  summounted  by  a  system  of  three  gas  traps.  The  first  trap  is  filled  with 
CaCI]  to  prevent  moisture  from  entering  the  vessel  and  the  remaining  two  are  partially  filled 
with  water  to  absorb  the  HBr  that  is  given  off  during  the  course  of  the  reaction.  Diamantane 
(37.6g,  0.2moi)  is  charged  to  the  flask  which  is  then  cooled  externally  in  an  ice/salt  bath. 
Bromine  (40mi)  is  then  added  via  the  dropping  funnel  and  a  reaction  ensues  which  is  initially 
vigourous.  After  the  reaction  has  slowed,  the  cooling  bath  is  removed  as^^d  the  reaction  mixture 
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allowed  to  warm  to  room  temperature.  !t  is  then  stirred  at  room  temperature  for  a  further 
0.5hr  before  being  cooled  to  -5**C  again  with  the  ice/salt  bath.  When  the  cooling  is  complete, 
iron  (l.Og)  is  added  in  one  portion  and  again  the  reaction  becomes  quite  "igourous.  The  reac¬ 
tion  is  thtin  allowed  to  slowly  warm  to  room  temperature  and  is  stirred  overnight.  The  '>tid 
product  is  dissolved  in  CHClj  and  then  added  to  a  mixture  of  ice/HCl  (200g/100ml).  NaHSOj 
is  added  until  the  bromine  colour  is  discharged,  the  organic  phase  separated,  washed  with 
water  (X3)  and  dried  over  MgS04.  Filtration  and  removal  of  the  solvent  under  reduced  pres¬ 
sure  yields  a  white  solid  which  after  washing  with  petrol  ether  gives  60.4g  (SS%)  11.  ionic 
chlorination  of  diamantane  using  AlCl^  results  in  the  formation  of  Ci4HjeC!4  (analogous  to  10) 
which  is  also  found  to  be  highly  insoluble.  Photochlorination  results  in  a  much  highe~  degree 
of  functionalisation.  Reaction  for  24hrs  gave  a  product  composition  as  follows; 

C,4HioC1,o  45%.  C,4H9C1ii  45%,  C^H^Cl,,  99;,  Cj4H,Cl,5  1%. 


?/■  ir 


6r  t/- 

10  ,1 


(U)  Cblorinatloa  of  aorbcraadicic  diver  3. 

Ionic  chlorination  of  3  results  in  products  in  the  Cl4-Ci7  range.  The  composition  estimated 
from  the  mass  spectrum  is  as  follows: 

CmHjjCU  35%,C,4H„C1,  56%,  Cj4H,oC1c  9%. 

Photochlorination  of  3  proceeds  to  a  greater  degree  yielding  products  in  the  Cl|-Cl|o 
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range.  The  CI^  compound  precipitates  from  the  solution  and  is  therefore  a  bottleneck.  The 
estimated  composition  of  the  mixture  is: 

Ci4H,Cl,  6.5%,  Cj4H^I«  81%,  Cj4H«C1io  12.5%. 

(III)  Bromiaatioa  of  adaaiMtaac  1  aod  l,33t7-tetrabroaioadaai8ataBe  9,xaBr. 

The  bromination  of  adamantane  under  ionic  conditions  can  be  controlled  to  yield  adaman- 
tanes  selectively  substituted  with  1-4  bromines.  Photobromination  of  adamantane  in  contrast 
to  photochlorination  does  not  proceed  further  than  the  Br4  level.  Attempts  to  brominate 
9,X«Br,  further  by  a  variety  of  methods  failed.  Details  are  given  in  a  previous  report.^ 

(IV)  Photochloriaation  of  a<UmaataB>?  1. 

Photolysis  for  20hrs  gives  a  produ  ct  mixture  of  the  following  composition; 

C10H4CI15  68%,  C,oH.,Cl„  29%,  CjoH,C1j4  3%. 

Attempted  recrystalisation  of  this  mixture  from  diethylether  yields  a  colourless  material 
which  forms  a  plastic  crystalline  phase.  X-ray  investigations  confirm  that  the  material  is  crys¬ 
talline  and  appean  to  belong  to  the  cubic  system.  However,  attempted  solution  of  the  structure 
failed  due  to  the  severe  disordering.  The  adamantane  molecule  when  surrounded  by  a  sheath 
of  chlorine  atoms  produces  a  highly  symmetrical  sphere-like  structure  which  has  little  or  no 
dipole  moment  which  can  direct  the  molecules  in  crystal  packing.  Hence,  the  orientation  of 
the  individual  molecules  within  the  lattice  relative  to  each  other  is  not  fixed.  The  formation  of 
such  a  plastic  crystalline  phase  is  common  for  molecules  of  high  symmetry^  and  this  is  the 
reason  for  our  failure,  even  with  a  good  data  set,  to  solve  the  structure.  MNDO  calcula¬ 
tions  on  dodecachloroadamantane  S,  the  major  component  of  the  above  mixture^  show  clearly 
the  preference  for  the  more  highly  symmetrical  positional  isomers,  the  C,,  S4,  and  Cjy  isomers 
12,13,14  being  favoured  by  5  kcal/mol  over  any  C|  point-group  structure. 
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(V)  fhotochtoriiatioa  of  l,3,$,7-tctrMliloroodaMaoUioc  9,X>Ci. 

Short  term  photolysis  of  9,  X«CI  resuiu  in  the  formation  of  a  mixture  of  Cl(  and  Clg 
compounds,  as  is  shown  by  the  nmr  spectrum  (m,3.3;  m,5.2ppm).  Photolysis  for  S2hrs 
results  in  further  chlorination.  The  product  is  found  to  contain  a  mixture  of  the 
compounds  characterised  by  the  nmr  spectrum  (m,3.6  CHj;  m,5.S  CHCl).  Recrystallisation 
of  this  mixture  from  diethyl  ether  yields  a  colourless  materia!  which  X-ray  analysis  also  shows 
to  belong  to  the  cubic  system  (cf.  IV  above).  Unfortunately,  a  plastic  crystalline  phase 
problem  was  encountered  again  and  structure  solution  was  impossible.  Much  effort  was  ex¬ 
pended  on  the  attempted  separation  of  this  mixture  using  HPLC  and  the  identification  of  the 
fractions  obtained  using  400MHz  nmr.  Details  are  provided  in  a  previous  report.* 

(VI)  fhotocbiorinatioa  af  1,3,5,7-tctrabroaioadaniaBUac  9,X«Br. 

It  is  clear  that  if  disordered  crystals  are  to  be  avoided,  the  molecules  must  have  at  least 
local  dipoles  or  must  crystallise  with  a  polar  solvent  trapped  in  the  lattice.  Hence,  it  was  lioped 
that  photochiorination  of  9,X«Br  and  recrystallisation  of  the  products  from  a  solvent  which 
acts  as  a  good  ligand  would  result  in  a  more  ordered  structure.  Indeed,  success  was  achieved 
from  a  sample  prepared  by  48hrs  photochiorination  of  the  tetrabromo-  compound.  This 
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resulted  in  t  product  mixture  with  the  following  approximate  composition; 

CioH4Br4Cl,  40%.  C,oH3Br4C4  40%.  CioHjBr|Clg  5%.  Cioi-aBr4Cljo  15%. 

Recrystallisation  from  THF:diethyi  ether  (1:5)  by  dissolving  the  mixture  in  hot  THF  and 
adding  the  ether  resulted  in  colourless  crystals  which  did  not  exhibit  the  previously  mentioned 
disordering.  The  crystals  have  monoclinic  symmetry  and  belong  to  the  space  group  P2;i/n  with 
cell  dimensions  a-929.3(6).  b-1008.7(8),  c-2502.3(15)  pm.  4-97.92*.  V-2328  xl0«  pm».  den- 
sity^,;^  -2.48  g/cm’  (Z-4).  The  R-value  was  0.089.  R«-0.087.  and  189  parameters  were  re¬ 
fined.  The  structure  was  solved  with  direct  methods  (SHELXS-86)  and  the  halogen  atoms 
were  refined  anisotropically.  The  carbon  and  oxygen  atoms  were  isotropically  refined  and  the 
positions  of  the  hydrogens  calculated  to  give  an  ideal  geometry.  A  total  of  3240  reflections 
were  measured  providing  an  asymetric  data  set  of  2168  reflections  from  which  1320  with  F  > 
4a  were  observed.  The  crystal  decomposed  rapidly  during  the  data  collection,  so  that  only 
data  op  to  20-40*  could  be  collected.  Further  crystal  structure  data  is  provided  Tables  1-5 
along  with  plots  of  different  views  of  the  molecule  (figures  1-3).  Figure  I  gives  the  crystal¬ 
lographic  numbering  scheme.  Figure  2  shows  the  positioning  of  the  THF  solvent  molecule, 
and  Figure  3  shows  the  Cj  symmetry  of  the  structure  when  the  THF  is  not  taken  into  con¬ 
sideration.  The  structure  is  composed  of  C|oH,Br4CI|o  :  THF  units.  We  thus  have  introduced 
fourteen  halogen  substituents  on  to  the  adamantane  molecule.  All  of  these  can  potentially  be 
converted  into  nitrogen-based  functionalities.  This  would  certainly  be  a  milestone  in  the  ’high 
density”  energy  materials  programme!  The  spherical  nature  of  this  species  can  be  clearly  seen 
from  the  two  space  filling  plots  (Figures  4  and  5)  as  can  the  interaction  of  the  THF  molecule 
wih  one  of  the  two  ‘holes”  in  the  spherical  surface  caused  by  the  presence  of  the  two  remain¬ 
ing  hydrogen  atoms.  The  presence  of  THF.  possibly  due  to  hydrogen  bonding*,  disturbs  the 
high  symmetry  of  the  haiogenoadamantane  units.  The  local  dipoles  due  to  the  differing  elec- 
troneptivities  of  the  bromine  and  chlorine  substituents  also  may  provide  anisotropic  interac¬ 
tions  between  molecules  and  lead  to  greater  order  in  the  crystal  lattice.  The  stereo-views 
of  the  unit  cell  (figures  6  and  7)  show  how  the  relationship  between  different  molecules 
within  the  crystal  are  being  dictated  by  anisotropic  interactions. 
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(VII)  X-ray  stractares  of  trifluoroiodo-  aad  dlfloorodiiodoadaBaataae  15,16. 

These  mixed  halogen  compounds  were  produced  during  generai  studies  of  halogen  ex¬ 
change,  with  specific  reference  as  precursors  of  novel  cations.^®  The  most  interesting  features 
in  the  X-ray  crystal  structures  of  15  and  16  are  the  solid  state  intermolecular  interactions 
between  iodine  atoms  and  between  iodine  and  fluorine  atoms.  These  interactions  between  the 
different  halogen  atoms  are  sufficient  to  order  the  molecules  in  the  crystal. 

Trifluoroiodoadamantane  15,  crystallises  from  light  petrol  in  the  monoclinic  space  group 
C  2/c  with  cell  dimensions  a-2394.9(7).  b-733.4(2),  c-2600.0(7)  pm,  /l-93.43(2)®.  There  are 
two  independant  formula  units  in  the  assymetric  unit.  The  molecules  form  centrosymmetric 
tetrameric  aggregates  with  I-I  and  F-I  non  covalent  interactions.  The  I-I  distance  is  3.730  X, 
and  I-F  «3.312  X  which  are  both  appreciably  shorter  than  the  sum  of  the  van  der  Waals  radii 
(4.3,  and  3.5  X  respectively).  2266  reflections  were  observed  with  F>4(7(F).  265  parameters 
were  refined  to  an  R  value  R«*0.082,  R^>0.086  (W*a*(F)  +  0.0021  F*).  Figure  8  shows  the  two 
independant  fomula  units,  figure  9  the  tetrameric  units  and  figure  10,  a  stereo  view  of  the 
unit  cell.  Difluorodiiodoadamantane  16,  crystallises  from  light  petrol  in  the  monoclinic 
space  group  C  2/c  with  cell  dimensions  as  follows:  a-l257.5(4),  b-1 174.0(4),  c-‘837.3(3)  pm, 
/)>95.7S(3)*’.  The  molecules  reside  in  special  positions  and  have  crystallographic  Cy  symmetry. 
They  are  connected  in  the  crystal  via  I-F  interactions  I-F  -3.326  X.  There  are  no  short  I-l 
distances.  1725  reflections  with  F>6<7(F)  were  used  to  refme  78  parameters.  R-0.055, 
-0.061  (W-0*F  +  0.0001  F*).  Figure  11  shows  the  structure  of  16  and  figure  12  the  unit  cell, 
with  the  I-F  interactions  indicated. 


II 


(VIII)  Photochlorination  of  1,3,5,7-tetraiodoadaniantane  7. 

Photochlorination  for  two  hours  results  in  the  formation  of  1,3,5,7-tetrachloroadamantane 
9,X=C1  plus  liberated  iodine.  The  iodines  are  subst‘*nted  cleanly  for  chlorines.  Further  radical 
substitution  is  inhibited  by  the  presence  of  the  liberated  iodine. 

(IX)  Halogen  exchange  reactions. 

A  modified  halogen  exchange^  procedure  has  been  developed  at  Erlangen.  Using  this 
method  di-,tri-,and  tetrachioroadamantane  and  di-,tri-,  and  tetrabromodiamantane  have  been 
converted  into  the  corresponding  iodo  compounds  in  yields  ranging  from  60-80%.  It  is  hoped 
to  extend  this  to  those  cage  molecules  with  higher  degrees  of  halogenation.  A  typical  proced¬ 
ure  follows.  A  clean  dry  500ml  3-necked  flask  fitted  with  a  reflux  condenser  summounted 
by  a  CaClj  drying  tube  was  charged  with  CSj  (300ml)  and  aluminium  foil  (3.25g,1.16  XI O'* 
mol)  and  the  solution  cooled  with  an  ice  bath.  Iodine  (44.16g,  O.r74mol  Ij)  was  then  added  in 
one  portion.  The  temperature  increased.  After  cooling,  the  reaction  mixture  was  allowed  to 
warm  to  room  temperature  and  stirred  for  30  mins.,  before  being  refluxed  until  the  vioiet 
iodine  colour  turns  to  brown.  After  cooling  the  resulting  solution  of  Allj  in  CS;  to  0-5°C  with 
an  ice/salt  bath,  4,9-dibromodiamantane  (20g,  5.78  xlO'*  mol)  is  added  in  one  portion.  The 
reaction  mixture  stirred  at  0-5°C  for  10  minutes  and  then  poured  into  and  ice/HCl  mixture 
(500g/200ml).  NaHSOj  is  added  to  discharge  the  brown  colour,  the  organic  phase  washed  with 
water  (2X1 50ml),  neutralised,  washed  again  with  water  and  dried  over  MgSO^.  The  solvent  is 
then  removed  under  reduced  pressure  yielding  a  4,9-diiododiamantane  which  can  be  recrys¬ 
tallised  from  diethyl  ether  in  65%  yield. 

Conclusions 

Our  previous  objectives  for  the  high  density  energy  materials  programme  concentrated  on 
introducing  eight  halogens  into  adamantane.  The  work  re{>orted  above  has  resulted  in  a  large 
increase  (to  fourteen)  in  the  number  of  halogens  which  can  be  substituted  consistantly.  All  of 
these  halogen  atoms  can  in  principle  be  replaced  by  a  nitro  or  similar  nitrogen-based  sub¬ 
stituent.  Chloroadamantanes  with  12-14  chlorines  can  now  be  synthesised  (as  a  mixture) 
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without  problem  and  samples  totalling  120g  have  been  supplied  to  the  scientists  in  the  USA 
for  further  investigation.  Features  which  polarise  these  otherwise  mainly  spherical  molecules 
(mixed  halogens  or  polar  solvent)  avoid  the  formation  of  plastic  crystalline  phases.  The  struc¬ 
tures  of  several  of  these  molecules  have  been  solved  by  X-ray  diffraction.  Methods  of 
separation  of  the  different  positional  isomers  in  product  mixtures  by  HPLC  have  been  de¬ 
veloped.^  Computational  methods  have  aided  the  interpretation  of  complex  mass  spectra^  and 
given  insight  into  the  relative  stabilities  of  the  possible  products. 
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Tab.  1.  Atomkoordlnaten  (xlO*)  und  •'fiivalente 
isotrope  Thermalparameter  {pm‘ ;10“^) 


X 

y 

Z 

U(eq) 

Br(l) 

-689(6) 

5108(4) 

5698(2) 

67(2) 

Br(2) 

1362(4) 

3745(4) 

7811(1) 

58(1) 

BrO) 

-3330(4) 

575(4) 

6556(2) 

66(2) 

Br(4) 

2384(4) 

184(4) 

5945(2) 

66(2) 

Cl(l) 

-834(11) 

5215(9) 

6972(4) 

72(4) 

Cl  (2) 

1916(11) 

4969(10) 

6762(4) 

74(4) 

Cl(3) 

-2211(9) 

2818(8) 

7433(4) 

55(4) 

CI(4) 

-542(9) 

574(9) 

7589(3) 

52(3) 

Cl{5) 

-1300(10) 

-29(10) 

5642(4) 

67(4) 

Cl(6) 

-80(9) 

-1016(8) 

6613(4) 

58(4) 

Cl(7) 

187(12) 

2325(10) 

5208(3) 

74(4) 

Cl{8) 

2487(11) 

3386(11) 

5814(5) 

91(5) 

Cl(9) 

-3288(16) 

3631 ( 17) 

6237(7) 

167(9) 

Cl( 10) 

3467(9) 

2161 ( 10) 

6964(4) 

72(4) 

C(l) 

-310(29) 

3518(30) 

6153(11) 

37(8) 

0(2) 

310(30) 

3987(29) 

6740(12) 

37(9) 

C(3) 

529(27) 

2740(27) 

7063(11) 

26(8) 

C{4) 

-880(29) 

1896(30) 

7110(11) 

37(8) 

C(5) 

-1521 ( 29) 

1493(30) 

6548(12) 

35(8) 

C{6) 

-461(32) 

511(32) 

6275(13) 

45(9) 

C(7) 

991(27) 

1348(29) 

6264(11) 

29(8) 

C(8) 

805(31 ) 

2603(31) 

5907(12) 

40(8) 

0(9) 

-1708(29) 

2747(30) 

6174(13) 

39(9) 

0(10) 

1564(25) 

1701 ( 29) 

6853(10) 

23(7) 

0(01) 

-3648(44) 

1930(44) 

4765(16) 

169(16) 

C(01) 

-3476(55) 

3180(54) 

4482(22) 

138(20) 

C(02) 

-4698(59) 

3437(65) 

4204(24) 

174(26) 

C{03) 

-5064(54) 

1767(56) 

4813(21) 

142(21) 

C(04) 

-6758(63) 

2798(57) 

4402(22) 

161(24) 

*  aquivalente  isotrope  U  berechnet  als  ein  Drittel  der 
Spur  des  orthogonalen  Tensors 


Tab.  2.  Bindungsabstilnde  (pm) 


Br(l)-C(i) 

197.4 

(30) 

Br(2)~C(3) 

200.1 

(27) 

Br(3)-C{5) 

192.2 

(28) 

Br(4)-C(7) 

198.6 

(27) 

CI(1)-C1{2) 

268.3 

(14) 

Cl(l)-C(2) 

177.6 

(29) 

Cl{2)-C{2) 

178.7 

(29) 

Cl(3)-C(4) 

181.4 

(28) 

Cl(4)-C(4) 

179.4 

(30) 

Cl(5)-C(6) 

176.4 

(32) 

Cl (6)-C(6) 

177.2 

(32) 

C1(7)-C1(8) 

268.7 

(16) 

Cl{7)-C(8) 

179.5 

(32) 

Cl(8)-C(8) 

179.2 

(30) 

Cl(9) -C(9) 

174.2 

(30) 

Cl(10)-C(10) 

181 . 6 

(25) 

C(l)-C{2) 

158.2 

(38) 

C(l)-C(8) 

156.9 

(40) 

C(l)-C(9) 

152.0 

(37) 

C(2)-C(3) 

149.6 

(37) 

C{3)-C{4) 

157.8 

(36) 

C(3)-C(10) 

155.6 

(36) 

C{4)-C(5) 

151.4 

(37) 

C(5)-C(6) 

160.6 

(39) 

C(5)-C(9) 

157.0 

(40) 

C(6)-C(7) 

159.5 

(38) 

C(?)-C(8) 

154.6 

(40) 

C(7)-C(10) 

154.8 

(35) 

0(01)-C(01) 

146.5 

(55) 

0(01)-C(03) 

134.6 

(52) 

C(01)-C(02) 

128.4 

(58) 

C(02)-C(04) 

132.2 

(61) 

C(03) -C{04) 

154.8 

(61) 

Ta^.  .  Bindungswlnkel  (°) 


C(2)-C(l)-Br(l) 

C(8)-C(l)-C(2) 

C(9)-C(l)-C(2) 

C1{2)-C{2)-C1(1) 

C( 1)-C{2)-C1(2) 

C(3)-C(2)-C1{2) 

C(2)-C(3)-Br{2) 

C(4)-C(3)-C(2) 

C( 10)-C(3)-C{2) 

C1(4)-C(4)-C1(3) 

C(3)-C{4)-C1(4) 

C(5)-C(4)-C1(4) 

C(4)-C(5)-Br(3) 

C{6)-C(5)-C(4) 

C(9)-C(5)-C{4) 

C1{6)-C(6)-C1{5) 

C(5)-C(6)-C1(6) 

C(7)-C(6)-Cl(6) 

C(6)-C{7)-Br(4) 

C(8)-C(7)-C(6) 

C( 10)-C(7)-C(6) 
C1(8)-C{8)-C1(7) 
C(1)-C(8)-C1(8) 
C{7)-C(8)-C1(8) 

C( 1)-C(9)-C1(9) 

C(5)-C(9)-C(l) 

C(7)-C(10)-C1(10) 

C(03)-0(01)-C(01) 

C(04)-C{02)-C(01) 

C(03)-C{04)-C{02) 


108.2(20) 

110.9(22) 

109.7(24) 

97.7(15) 

113.8(20) 

113.0(20) 

107.7(18) 

115.8(23) 

115.6(23) 

99.0(14) 

111.8(19) 

115.9(22) 

111.4(19) 

111.6(23) 

109.8(25) 

101.6(17) 

116.5(21) 

110.4(20) 

106.8(19) 

114.1(23) 

107.3(22) 

97.0(16) 

114.8(22) 

113.5(20) 

118.3(23) 

113.6(23) 

114.8(17) 

108.3(45) 

110.4(60) 

107.9(53) 


C(8)-C(l)-Br(l) 

C(9)-C{l)-Br(l) 

C(9)-C(l)-C(8) 

C(1)-C(2)-C1(1) 

C(3)“C(2)-C1(1) 

C(3)-C(2)-'C(1) 

C(4)-C(3)-Br(2) 

C(10)-C(3)-Br(2) 

C(10)'-C(3)-C(4) 

C(3)-C(4)-C1(3) 

C(5)-C(4)-C1(3) 

C(5)-C(4)-C(3) 

C(6WC(5)-Br(3) 

C(9')-C(5)-Br(3) 

C(9)-C(5)-C(6) 

C(5)-C(6)-C1(5) 

C(7)-C(6)-C1(5) 

C(7)-C(6)-C(5) 

C(8)-C(7)-Br(4) 

C(10)-C(7)-Br(4) 

C(10)-C(7)-C(8) 

C(1)-C(8)-C1(7) 

C(7)-C(8)-C1(7) 

C(7)-C(8)-C(l) 

C(5)-C(9)-C1(9) 

C(3)-C(10)-C1(10) 

C(7)-C(10)-C(3) 

C(02)-C(01)-0(01) 

C(04)-C(03)-0(01) 


i 


i 


109.4(19) 
110.1(19) 
108.7(25) 
110.3(19) 
117.2(21) 
105.1(23) 
107.3(18) 
107.6(16) 
102.4(21) 
112.0(20) 
109.8(19) 
108.1(22) 
106.8(20) 
111.1(18) 
105.8(22) 
110.2(20) 
115.4(21) 
104.2(24) 
106.5(18) 
110.7(17) 
111.3(24) 
109.0(20) 
115.3(22) 
106.7(23) 
113.1(20) 
114.1(19) 
108.7(20) 
107.1  (.51) 
101.0(47) 


Tab.  4.  Anisotrope  Therrt'calparameter  {om'xlO”^) 


“n 

«22 

^33 

«23 

^13 

«12 

3r(l) 

101(3) 

44(3) 

68(3) 

19(2) 

22(2) 

12(2) 

Br(2) 

76(3) 

59(3) 

38(2) 

-9(2) 

4(2) 

-15(2) 

Br(3) 

46(2) 

73(3) 

82(3) 

-6(3) 

22(2) 

-19(2) 

Br{4) 

69(3) 

58(3) 

78(3) 

-6(2) 

40(2) 

21(2) 

Cid) 

111(8) 

41(6) 

71(7) 

-2(6) 

34(6) 

15(6) 

Cl{2) 

94(7) 

52(7) 

77(8) 

-2(6) 

20(6) 

-29(6) 

Cl(3) 

59(6) 

51(7) 

65(7) 

-9(5) 

46(5) 

0(5) 

Cl{4) 

59(6) 

49(6) 

48(6) 

18(5) 

10(5) 

-19(5) 

Cl(5) 

78(6) 

67(7) 

56(6) 

-27(6) 

14(5) 

-14(6) 

Cl(6) 

70(6) 

24(6) 

83(7) 

8(6) 

24(5) 

7(5) 

Cl(7) 

126(8) 

69(8) 

32(6) 

1(5) 

25(6) 

16(7) 

Cl{8) 

88(6) 

83(9) 

110(10) 

10(8) 

51(7) 

-13(7) 

CI(9) 

123(11) 

165(16) 

218(18) 

58(15) 

46(12) 

45(11) 

Cl{ 10) 

52(6) 

74(8) 

92(8) 

0(6) 

22(5) 

-3(5) 

der  Temperaturfaktorexponent  hat  die  Forn; 
^  +  ...  +  2hka*b*Uj2) 


T«b.  5.  H-Atomkoordinaten  (xlO*)  und  isotrope 

2  -1 

Thermalparameter  ( pm  xlO  ) 


X 

y 

z 

U 

H(9A) 

-1885 

2470 

5805 

80(1) 

H(.iOA) 

1567 

925 

7075 

80(1) 

H(OIA) 

-2695 

3086 

4267 

80(1) 

H(OIB) 

-3244 

3868 

4744 

80(1) 

H(C2A) 

-4891 

4371 

4216 

80(1) 

HJ02B) 

-4638 

3174 

3839 

80(1) 

H{D3A) 

-6371 

867 

4747 

80(1) 

H(03B) 

-5241 

2024 

5169 

80(1) 

H(04A) 

-6311 

2299 

4122 

80(1) 

H(04B) 

-6388 

3396 

4561 

80(1) 

N0N-80W0E0  DISTANCES  WITH  TRANSFORIUTIONS  *0  GENERATE  SECOND  ATOW 


CLl  . 

9R- 

3.209 

CL2  .. 

.BR1 

3.375 

.SRI 

3.209 

CL8  .. 

.8R1 

3. AOS 

''j  0 

.3R1 

3.267 

C3 

.8R’ 

2.388 

;8  . 

.BR1 

2.900 

C9  .. 

.8R1 

2.875 

48A  .. 

.8R1 

2.909 

3R’  .. 

.8R1 

3.871 

G.OCOC-X 

I.OOCC-'' 

CL7  .. 

.3R1 

3.510 

3.0000-X 

-.3000-'' 

CLl  .. 

.882 

3.387 

CL2  .. 

.SR2 

3.2A1 

CL3  ., 

,.BR2 

3.368 

CLl 

.8R2 

3  233 

CL  10. 

8R2 

3.2AA 

C2 

..3R2 

2.839 

C<  . 

..8R2 

2.893 

CIO 

,.8R2 

2.382 

H10A. 

8R? 

2  99’ 

5RA  . 

..8R2 

3.7A0 

0  5000-X 

-O.SCOOtv 

C.2 

.  3S2 

3. 759 

c  5ooe-x 

C.fCCO*'' 

:l5  . 

.3R2 

3.65A 

j.500C-X 

■  3.5300*'' 

Cl3 

.8R3 

3.23A 

CIA  . 

..3R3 

3.A29 

Cl5  . 

..BR3 

3.195 

CLS  . 

..3R3 

3.A07 

CL9 

..383 

3.185 

Clio. 

..8R3 

3.53A 

l.OOCOtX 

0.0000*Y 

CA  . 

..8R3 

2.8Ae 

Cf) 

..583 

2.839 

C5 

..8R3 

2.88? 

C.i 

.  .383 

3  -153 

“•  .vLJ*.-X 

:  50C0*'' 

C\.5  . 

.8RA 

3.A2- 

CLS  . 

..3RA 

3.231 

*7 

..3RA 

3.364 

C.3 

.5RA 

3.250 

CJO 

..3RA 

3.296 

C5 

.3RA 

2.38A 

C8  . 

..8RA 

2.8A3 

C’O  . 

..3RA 

2.918 

00’  . 

..BRA 

3. 038 

a.floofl-x 

0  C3CC-'' 

"'13 

..CLl 

3.023 

<  > 

1 

1 

.  4  Vw 

3.180 

c  * 

..CLl 

2.758 

C3  . 

..CLl 

2.795 

C9 

..CLl 

3.231 

CL  3 

..CLl 

3.616 

-fl.500C-X 
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